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The use of carbamoyl benzoic, acids as separation new agents, to remove on the hazardous heavy metals,
that are frequently, contained in metal plating wastewater is reported in this paper. The interaction of
ionic heavy metals and carbamoyl benzoic acids was studied approaching zeta potential in aqueous solu-
tions. These carbamoyl acids are innovative chemicals that demonstrate their potential to bind metallic
ions as Pb2+, Cu2+ and Hg2+ under specific physicochemical conditions (pH solution and metal–ligand
relationship). The amide substituent in each compound induced a specific affinity toward the metallic
ions contained in water, and it was studied by measuring zeta potential of an inert surface in contact with
the aqueous media. This measurement allowed us to determine the association constants (Kf) with metal
ions after defining the stronger interaction between the carbamoyl acids and metallic cations. These
results suggest that coagulation-flocculation process could be expected for Pb2+ over all the studied met-
als (Cu2+, Hg2+, Ca2+, Fe2+, Ni2+, Mg2+, Ba2+, Al 3+ and Cd2+). The order of effectiveness of the carbamoyl
acids for the separation of Pb2+ is b > c > a according to substituent and the calculated values of Kf which
match the observed behavior. To corroborate the practical use of carbamoyl acids as coagulants.
Sedimentation and clarification kinetics were analyzed with transmittance measurements versus time.
Coagulation-flocculation test was validated by SEM-EDS analysis.
 2016 Elsevier B.V. All rights reserved.1. Introduction
Water quality assessment is done through a series of tests
designed to quantitatively and qualitatively determine the most
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may affect its actual and potential uses, as well as the type and
degree of treatment required. The wastewater treatment industry
is one of the most important issues in the environmental area,
where physicochemical studies may lead to a better understanding
and support decision-making regarding the economy and effi-
ciency [1].
Important issues in wastewater systems are the operation and
process units recommended to separate pollutants. In particular,
separation processes as chemical precipitation are commonly pre-
ferred because they are less expensive [2]. However, when heavy
metals are the pollutants, their concentration is the defining factor
to choose the correct procedure and their separation is one of the
biggest challenges for environmental research. Different tech-
niques as electrochemical and biological treatment, precipitation,
flocculation, ion exchange, reverse osmosis, adsorption with mod-
ified natural materials [3] and membrane filtration processes [4]
can be considered for separation and elimination of metals con-
tained in wastewater [5,6]. These techniques are mostly used for
removing metals, but they are not always efficient and they pro-
duce byproducts, hindering the separation of metals. Reactive
membranes, instead, are effective to remove metal ions but they
are still expensive [7,8].
Development of new methods to improve primary wastewater
treatment efficiency recall the use of new eco-friendly chemicals
[9], ensuring hazardous heavy metals removal and avoiding dan-
gerous operations. The use of new compounds containing car-
bamoyl groups in their structure is of great interest, since these
compounds have potential to bind [10], precipitate and flocculate
heavy metals. Some of the known applications of carbamoyl ben-
zoic acids are in medicinal chemistry [11], microbial sensors [12],
electrochemistry sensors [13] and environmental metal ions sen-
sors. However, there are no reports related with the precipitation
and removal of metal ions contained in industrial wastewater.
In a previous work authors reported significant spectral differ-
ences in carbamoyl benzoic acids as function of the substituent
in the amide which leads to an increase or decrease in electron
delocalization, as well as fluorescence intensity [10]. Moreover,
photophysical studies of various heavy metals in the presence of
carbamoyl acids showed its potential application in the detection
and separation of metal ions in aqueous media [14,15].
Coagulation-flocculation process is appropriate for pollutants
removal. Flocculants generally used synthetic flocculants however
are non-biodegradable [17,18]. It is important to the development
of new biodegradable materials with high efficiency in the
coagulation-flocculation process without adding other toxic addi-
tives. In this research, a series of carbamoyl benzoic acids 2a-c
were evaluated with environmentally important metal ions as
Pb2+, Cu2+, Hg2+, Ca2+, Fe2+, Ni2+, Mg2+, Ba2+, Al 3+ and Cd2+ to accom-
plish the supramolecular complex formation in aqueous solution
followed by its precipitation. These compounds showed three
types of interaction as chemical precipitation, electrostatic interac-
tions and physic entrapment. Focusing on the electrostatic interac-
tion of ionic heavy metals and carbamoyl benzoic acids authors
propose to approach it by zeta potential measurements. For this
purpose, it was considered that zeta potential (f) measurement is
a physicochemical parameter to characterize solid–liquid disper-
sions found in wastewater [11]. A particular case was the study
of water treatment from the tortilla industry, where zeta potential
measurement let to show important electrostatic and Van der
Waals interactions between colloidal matter and a natural coagu-
lant agent like chitosan [16]. Knowing that a surface charge mea-
surement allow to predict the interaction between an ionic
media and a solid, zeta potential measurement using the an inert
surface in contact with different ionic media may allow to predict
the interaction between the of carbamoyl acids with heavy metalscontained in aqueous solutions. In this paper, three different car-
bamoyl acids were used to determine the effect of aqueous media
pH, the substituent on the amide group of the carbamoyl acids, as
well as the study of ten different metals to determine their affinity
with carbamoyl acids through the estimation of constant associa-
tion, Kf. In addition, the supramolecular compound formed
between carbamoyl acids, Pb was evaluated by sedimentation
kinetics, metal ion content in supernatant, and morphological
and elemental composition of flocs (formed solids).2. Materials and methods
2.1. Materials
Deionized water (resistivity: 18.2 MX, MilliQ. Advantage A10)
was used for sample preparation in all experiments, 3,3´,4,4´-benzo
phenonetetracarboxylic dianhydride, naphthalen-2-amine,
naphthalen-2-ylmethanamine and benzylmethyl amine were pur-
chased from Sigma Aldrich in highest available purity (>99%). All
solvents were of spectroscopic or HPLC grade. Zeta Potential data
was recorded on a Stabino Particle Charge Mapping. The measure-
ments were done at room temperature in porcelain cuvettes. Sam-
ple solutions used to study the pH dependence of the potential zeta
were prepared adjusting to the desired pH, with 0.1 M NaOH and
0.1 M HCl. The effect of metal cations upon the zeta potential
was examined by adding a few microliters of stock solution (0.1%
w/w) of the study metal cations to a known volume of the solution
(10 mL). The addition was limited to 0.3 mL, avoiding a dilution
effect [19]. 1H NMR spectra were obtained in a Bruker 400 MHz
NMR Spectrometer at a probe temperature of 25 C with TMS as
the internal standard. For Pb-relative estimations, the samples
were examined in a SEM ZEISS EVO-MA15, equipped with a EDS
(energy dispersive spectroscopy) BRUKER detector. Metal ion
concentrations were determined using Agilent Technologies 4200
MP-AES. Various carbamoyl acids additions to the synthetic
wastewater were submitted to a sedimentation kinetic study by
transmittance measurements in a Turbiscan Lab equipment.
2.2. Profiles f vs pH for the compounds 2a-c
The potential zeta profiles of carbamoyl acids identified as 2a-c
analogues were performed in order to evaluate the amine influence
over the their surface charge characteristics. The measurements
were done at room temperature in porcelain cuvettes. Influence
of pH on the zeta potential behavior of 2a-2c (0.1%) derivatives
was studied within a pH range of 2–11 with 0.1 M NaOH and
0.1 M HCl.
2.3. Affinity study compounds 2a-2c with different metal ions
The properties of carbamoyl acids in the presence of different
metal cations (Cu2+, Pb2+, Hg2+, Ca2+, Fe2+, Ni2+, Mg2+, Ba2+, Cd2+
and Al3+) were studied in aqueous solutions exploring their appli-
cation as sensors and new agents of separation for these environ-
mental important metal ions. The compounds were titrated by
successive increment of equivalent number of these metals and
the changes in the zeta potential were measured [20].
2.4. Coagulation-Flocculation test
Chemical coagulation was evaluated using the micro-Jar test
technique [11]. The chemical reagents used were Lead, Copper
and Mercury perchlorates from Sigma Aldrich. Dosage tests were
performed in 20 mL vials. Progressive additions of 0.1 g/L car-
bamoyl benzoic acids solution were made. After each addition,
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Finally, the supernatant was withdrawn to determine the metal
ions concentration. The chemical reagents used are high-purity
standards, and quality control standard.
2.5. Turbiscan Lab Expert stability analysis
Turbiscan Lab (Formulaction) is a tool for monitoring the sta-
bility or phase separation tendency of dispersions. The measure-
ment principle for this technique is based on detecting the
changes in transmission and backscattering, as a function of parti-
cle movements (for these compounds sedimentation). The tests
were carry out by adding the best dose of each carbamoyl acid
(2a-2c) solution with 0.1% Pb2+, performing scan every 25 s for
30 min.
2.6. Synthetic water with heavy metals preparation
The synthetic water solution was prepared by dissolving the
appropriate amount of Pb2+, Ni2+, Cr2+, Ca2+, Cu2+, Cd2+ and Zn2+
as perchlorate salt powder (Sigma-Aldrich) in 1000 mL of MilliQ
water. The solution had a 500 ppm final concentration and the
pH value was 2.5.
3. Results and discussion
3.1. Electrokinetic behavior of the compounds 2a-2c
The pH influence on the zeta potential behavior of 2a-2c deriva-
tives was studied within a pH range of 2–11. The zeta potential
profiles as function of pH are shown in Fig. 1. It is observed thatFig. 1. Profiles the f = f (pH) of 2a, 2b and 2c water/DMSO (9:1, v/v). Concentration
is 0.1% w.the three compounds presented similar behavior in the response
of zeta potential. These compounds have a negative surface charge
at pH > IEP (isoelectric point). However, compounds 2a-c have dif-
ferent limit f values of 130, 120 and 6 mV respectively. These
magnitudes are attributed to the type of substituent (naphthyl,
naphthylmethyl and benzyl) as well as the functional groups pre-
sented in the structure (amide and carboxylic acid), which give
them the suitable electric potential for removal of metal ions.
The isoelectric point (IEP) of the compounds 2a-c are pHIEP 3.2,
2.7 and 3.6, respectively. These values suggest that at wastewater
pH > pHIEP electrostatic interactions between metallic cations and
carbamoyl benzoic acids will be present. On the other hand the
pKa values for compound 2a-2c were calculated as 5.2, 5.5 and
5.1 (Excel Worksheets for Spectrometry), respectively [21]. The
pKa values are within expected for organic acids. When pH is equal
to pKa, the half of the molecules are ionized by deprotonation of
the carboxylic acid. If pH > pKa then increases the degree of ioniza-
tion and the probability of interaction with the cation is greater.
3.2. Influence of metal cations on the potential zeta of the derivative
2a-2c
The carbamoyl acids 2a-2c in the presence of different cations
(Cu2+, Pb2+, Hg2+, Ca2+, Fe2+, Ni2+, Mg2+, Ba2+, Cd2+ and Al3+) were
studied. These compounds were titrated by successive additions
of cation equivalents and the changes in the zeta potential were
measured. The addition of Ca2+, Fe2+, Ni2+, Mg2+, Ba2+ and Cd2+ to
compound 2a in aqueous solution did not cause significant varia-
tion in the zeta potential. The addition of Pb2+, Hg2+ and Cu2+ ions
produce a significant enhancement in the zeta potential profile
pH = 6.6 (Fig. S1).
The addition of cations to compound 2b in aqueous solution
neither cause significant variation in the zeta potential with Mg2+
and Ba2+, Ca2+, for the other hand, Ni2+ and Cd2+ showed an inter-
mediate effect. Instead, the addition of Pb2+, Hg2+, Fe2+, Cu2+ and
Al3+ ions induces a significant decrease in the zeta potential profile
(Fig. S2). In contrast, 2b shows a different behavior, since the zeta
potential values retain their negative charge with Ca2+, Fe2+, Ni2+,
Mg2+, Ba2+, Cd2+ and Al3+ ions; while with Cu2+, Pb2+ and Hg2+.
The zeta potential values are negative in the first addition
(0.5 eq), and beyond the third addition of metal ion, values
passed from negative to positive. Initially, the surface charge is
equivalent to 93 mV, indicating the presence of negatively
charged monomer in the solution. Considering the positive charge
of metal ions in wastewater, it was expected that Pb2+ neutralizes
the negative charge of the monomer. The charge neutralization of
the compound surface makes possible the cations removal. Due
to compounds 2a-c are negatively charged in the pH > 3 and this
enhances its effectiveness for interaction with cations, it is not nec-
essary a neutralization step or pH adjustment that normally are
required with conventional coagulants-flocculants agents in
wastewater treatment plants.
In the addition of cations to compound 2c, in aqueous solution,
three response trends are observed: in the first one Ca2+, Ni2+, Mg2+
and Ba2+ did not cause significant variation in the zeta potential,
suggesting that chemical affinity between carbamoyl compounds
are not enough to form a coordination complex; the second one
correspond to the addition of Pb2+, Cu2+, Cd2+, and Fe2+, which
induce a slight decrease in zeta potential; and the third response
trend corresponds to Hg2+ and Al3+ ions with a marked negative
pattern zeta potential profile (Fig. S3). In the titration of compound
2c, the measured surface was always negatively charged. The dito-
pic nature of these molecules suggest a supramolecular arrange-
ment in which the metal is coordinated between two molecules.
The zeta potential decreases because of these aggregates behave
as particles, having a positive surface charge and as consequence
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layer may correspond to the Stern layer. The zeta potential
decreased indicating the formation of a particle or aggregate as
supramolecular metal salt. The cations with greater affinity inter-
act with all available carbamoyl benzoic acids and are coordinated
to form the aggregate. Furthermore the potential increases because
there are more positive ions between the Stern layer and the slip-
ping plane causing that the zeta potential becomes more positive
due to the excess of metallic salt added [1]. The compounds based
on carbamoyl benzoic acids demonstrated high affinity toward
Pb2+, Hg2+ and Cu2+ in water solution even in the presence of other
metallic ions.
The determination of binding constants for the complexes with
metal ions and 2a-2c were determined with Equation S1 and they
are presented in Table S1. These results show great stability of the
complexes even in aqueous media, because of the values obtained
are the range of 104 to 107. The profiles indicated a metal–ligand
1:1 ratio for the most complexes. The 1:1 stoichiometry found
for the complex by zeta potential measurements although the
receptors have a ditopic structure reinforces the proposal on the
formation of supramolecular aggregates, where a series of mole-
cules are successively connected through the interaction with
metal centers (Fig. S4).3.3. Coagulation-Flocculation test
A coagulation-flocculation test was implemented with Pb2+ due
to during the pZ titration protocol was observed a sedimentation
process only with this metal ion. The Fig. 2 shows the variation
of Pb2+ residual content in a flocculation process using theFig. 2. Coagulation-Flocculation test to be using the compounds 2a-c in the
treatment of wastewater synthetic of Pb2+.compounds 2a-2c. The experiment started at 100 ppm of Pb2+ in
the solution. The optimal dose of the compound 2a-2c were
150 ppm, 100 ppm and 125 ppm, respectively. The physicochemi-
cal properties of the compounds were previously studied [10].
The fluorescence and NMR changes were monitored and the Job´s
study confirm the stoichiometry 1:1 of 2b with Pb2+. With com-
pounds 2b and 2c were observed that the complex with Pb2+ pre-
cipitates suggesting high chemical stability and very low solubility
in aqueous media. It is believed that the carbamoyl benzoic acids
have large cavities in their binding sites which favors a great inter-
action with metal ions and a hydrophobic microenvironment gen-
erates the solid-state formation. Interestingly, due to the
physicochemical characteristics of the compounds and their com-
plexes, the flocculation process does not occurs with other metal
ions, however they may be used in conjunction with some natural
coagulants to facilitate this process. The effectiveness of the com-
pounds for the separation of Pb2+ was in the order b > c > a and it
is agreement with the Kf calculated values. The removal efficiency
achieved with these compounds is defined by different factors such
the affinity in the complex formation studied by zeta potential and
once it is formed, the hydrophobic effect and additional inter-
molecular forces that defining the solubility in the aqueous med-
ium and particle size. The compounds b and c have a methylene
spacer that encourages greater interaction with the metal because
there is less steric hindrance in comparison with 2a. In the com-
pound 2a naphthalene group is directly attached to the amide
group and the complexes take longer to reach the equilibrium.
The transmittance profiles of complexes formed with 2a and 2b
and Pb2+ are shown in Fig. 3. The data showed that these com-
plexes have the same behavior. Significantly, for 2b-Pb2+ com-
plexes the precipitation rate increased compared to 2a-Pb2+. In
these complexes a hard to see (very fast) flocculation-coagulation
kinetic occurred, and only the phenomenon of flocs migration
was observed.
The transmittance profile of complex 2c-Pb2+ is shown in Fig. 4.
This data demonstrated that occurs the coagulation-flocculation
process, which confers a potential value to 2c for using in Pb2+
removal in contaminated wastewater. On the contrary, to the
behavior of compounds 2a and 2b, compound 2c presents the
coagulation-flocculation phenomena. Therefore, these compounds
showed to have potential applications for the detection and sepa-
ration of these metals in wastewater.
The SEM-EDS images and data obtained of the complexes 2a-
Pb2+ and 2b-Pb2+ demonstrate the presence of microspheres in
the sediment dry flocs containing C, O and Pb (Fig. 5). The morphol-
ogy of dry flocs from compounds 2a and 2b show similarity, how-
ever for 2c-Pb2+ flocs a more porous texture is observed. EDS study
revealed that C, O and Pb were abundant in the sediments. Highest
wt% (average of all scanner areas) of lead was found for 2b (55.18%)
followed by 2c (53.16%) and 2a (52.60%). These results confirm the
data obtained in coagulation-flocculation test of metal ions. The
SEM analysis gave the strongest evidence of the formation of
supramolecular aggregates with Pb2+ opening a new field in
wastewater treatment using carbamoyl benzoic acids.
The physicochemical conditions for Pb2+ removal was summa-
rized in Table 1. The physicochemical studies revealed that 2b pre-
sented the greater Pb2+ removal capacity (95%), followed by 2c
(83%) and 2a (82%). The molar ratio of removed Pb2+/compound
was 1 ± 0.3, confirming the 1:1 stoichiometry found in the pZ stud-
ies. According with the clarification kinetics and sedimentation
rates, compound 2c showed best performance in the coagulation-
flocculation process followed by 2b, although both compounds
were very effective in the separation. Finally, compound 2a has
the lower clarification kinetic and sedimentation rate and a bigger
amount of compound is required to remove Pb2+ (2 g of 2a/g
Pb2+).
Fig. 3. Transmitance profiles of compounds 2a y 2b at optimum dose, data are reported as a function of time (0–30 min).
Fig. 4. Transmitance profile of compound 2c at optimum dose, data are reported as a function of time (0–30 min).
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Fig. 5. SEM-EDS analyses of sediment.
Table 1
Optimal physicochemical conditions for the Pb2+ removal of synthetic water with.
Compound % Removal mol Pb2+/mol compound Clarification kinetics* %/h Sedimentation ratio* mm/h
2a 82 0.71 81.3 3
2b 95 1.3 146.9 27.5
2c 83 0.96 523.4 17.4
* 30 min of scanning.
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encourage the instability of particles containing the undesired
heavy metals, the coagulation-flocculation kinetic stability was
studied for compounds 2a-c and the results are shown in Fig. S8.
The asymptotic behavior of 2a-Pb2+ reveals the high instability of
this complex in the aqueous media since the first minutes. Then,
the formation of flocs is faster with 2c in comparison with 2b
and 2c. These result agree with the of the clarification kinetic mag-
nitude for these complexes. The expectative is a faster separation
and more unstable particles with 2c in aqueous media and with
good effectiveness in Pb2+ removal. The instability of the
supramolecular aggregates in aqueous media was into order
2c > 2b > 2a.
Finally, the optimization of the geometries of 2a-c and their
respective complexes with Pb2+ (L2Pb) were performed by
theoretical calculations using the density functional theory (DFT)
and the non-local correlation PBE0 with a DZVP basis set in gas
phase [22–25], in order to compare the chemical stability consider-
ing the formation electronic energies and the structure of the
complexes, and related them with the results in the coagulation-
flocculation process (Fig. S9). The calculated energies were
480.52 kcal/mol, 483.09 kcal/mol and 488.937 kcal/mol for
2a, 2b and 2c complexes, respectively. Although there is not a
marked difference in the energies, the values predict a stability
order as follows 2c > 2b > 2a. According with the optimized
structures, the flexibility of the N-substituents allows to stablish
additional intermolecular interactions as p-p and C-H  p in the
complexes with 2b and 2c which are not present with 2a. These
intermolecular forces may contribute in the chemical stability of
the complexes creating a hydrophobic environment which drives
the flocs formation, compaction andprecipitation in aqueousmedia.4. Conclusions
The pZ studies demonstrate that carbamoyl benzoic acids a-c
have a strong interaction metal ions and high affinity toward
Pb2+, Hg2+ and Cu2+ in aqueous media. The stoichiometry of the
complexes established by zeta potential profiles was 1:1 for the
most metal ions suggesting a supramolecular arrangement where
two ligand units are connected through a metallic center bridge.
The binding constants were estimated considering this stoichiom-
etry and the values were in the range of 105 to 107 M1 which are
high values for an interaction in aqueous media. The SEM analysis
of dry flocs gave the evidence of microsphere aggregates formation
with 2a and 2b, and other irregular structures with 2c. EDS study
of dry flocs revealed the highest wt% of Pb found in 2b (55.18%),
followed by 2c (53.16%) and 2a (52.60%). In the coagulation-
flocculation study using a 100 ppm Pb2+ solution, the optimal dose
of 2a-c were 150 ppm, 100 ppm and 125 ppm, respectively. In
addition, 2c presented the best physicochemical characteristics
with the greater clarification kinetics (523.4%/h), an acceptable
sedimentation rate (17.4 mm/h) and good removal of Pb2+ (83%).
Compound 2b presented a comparable performance with a clarifi-
cation kinetics of 146.9%/h, and the highest sedimentation rate
27.5 mm/h and removal of Pb2+ (95%). Therefore, carbamoyl ben-
zoic acids show potential applications for the detection and sepa-
ration of these metal ions in wastewater industrial opening a
new field in wastewater treatment.Acknowledgements
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